A highly repeated DNA was isolated from the West African baboon (Papio papio) as a 343-base-pair fragment after digestion of total baboon DNA with the restriction endonuclease BamHI. The DNA sequence of this fragment was obtained by chemical cleavage methods and is compared with the DNA sequence of related highly repeated primate DNAs from African green monkey (Cercopithecus aethiops) and man. The 343-base-pair baboon repeat consists of two related but nonidentical wings of 172 and 171 base pairs, respectively. The baboon 172-base-pair wing shares more homology with the African green monkey 172-base-pair repeat than with the baboon 171-base-pair wing. Comparison with the previously published monkey and human DNA sequences indicates that: (i) All the DNA sequences apparently arose from a common ancestral sequence. (ii) Evolution of the primate DNA sequences can be explained by a model involving unequal crossovers at specific points within the repeated DNA, possibly mediated by the sequence 5'-AcC-3' or its invert 5:-CGTA9_3. (iii) There are alternating domains of conserved and divergent DNA sequences within each >170-base-pair wing sequence. Taken together, the DNA sequences of these primates suggest a model whereby highly repeated DNAs are established and evolve as a consequence of unequal nonrandom exchanges of DNA duplexes. These exchanges may be mediated by short repeated nucleotide sequences and involve exchanges within and between the >170-base-pair wings. A significant, but markedly variable, component of the eukaryotic genome is comprised of highly repeated DNA sequences that are localized in constitutive heterochromatin, that are not transcribed, and for which quantitative variation within a species (or among closely related species) is tolerated without major phenotypic effects (1, 2). Nucleic acid hybridization and DNA sequence studies demonstrate that, unlike the remainder of the genome, these highly repeated DNAs tend to be comprised of short simple sequences repeated in tandem with a high degree of quantitative variation both within and among eukaryotic species. Molecular and cytogenetic evidence suggest a model whereby unequal double-strand exchanges associated with mitotic DNA replication result in the creation and amplification of these DNA sequences (1, (3) (4) (5) .
domains of conserved and divergent DNA sequences within each >170-base-pair wing sequence. Taken together, the DNA sequences of these primates suggest a model whereby highly repeated DNAs are established and evolve as a consequence of unequal nonrandom exchanges of DNA duplexes. These exchanges may be mediated by short repeated nucleotide sequences and involve exchanges within and between the >170-base-pair wings.
A significant, but markedly variable, component of the eukaryotic genome is comprised of highly repeated DNA sequences that are localized in constitutive heterochromatin, that are not transcribed, and for which quantitative variation within a species (or among closely related species) is tolerated without major phenotypic effects (1, 2) . Nucleic acid hybridization and DNA sequence studies demonstrate that, unlike the remainder of the genome, these highly repeated DNAs tend to be comprised of short simple sequences repeated in tandem with a high degree of quantitative variation both within and among eukaryotic species. Molecular and cytogenetic evidence suggest a model whereby unequal double-strand exchanges associated with mitotic DNA replication result in the creation and amplification of these DNA sequences (1, (3) (4) (5) .
In this report, the DNA sequence is obtained for a baboon highly repeated DNA. Comparison of this DNA sequence with previously published related DNA sequences from African green monkey (6) and man (7) is consistent with the above unequal exchange model and suggests the additional constraint that the exchanges are nonrandom, possibly mediated by a short specific nucleotide sequence. This model of unequal mitotic exchanges mediated by short specific nucleotide sequences may
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After labeling, BABr (BamHI)-1 was split into two fragments with the restriction enzyme Hph I (New England Biolabs) (10) . The cleavage products were separated on an 8% gel and electroeluted, yielding fragments for DNA sequence determination that were each labeled at a single 3' terminus and were 200 and 142 nucleotides long, respectively (Fig. 1) . The DNA sequence of these fragments was obtained by using the Maxam-Gilbert procedure for chemical cleavage (11) [the G, A > C, C, C + T, and alternate G (methylene blue modification) (12) reactions were used]. Electrophoresis was carried out on 20%, 12%, and 8% polyacrylamide (11) 3' ends of the HindIII sites but left the BamHI ends unlabeled. This generated 60-and 117-base-pair fragments labeled at a single 3' end which were used directly for sequence determination towards the unlabeled BamHI sites. In addition, a 172-base-pair fragment labeled at both 3' ends was generated; this fragment was cleaved with Alu I and the sequence of the resulting 122-base-pair fragment which contained the Hph I recognition and cleavage sites (10) Fig. 1 in conjunction with the published DNA sequences for a 172-base pair repeat from C. aethiops (African green monkey) (6) and a-171-base-pair wing of a 342-base-pair repeat from Homo sapiens (man) (7) . By utilizing the Cercopithecus DNA sequence as a reference, regions of homology among the primate highly repeated DNA sequences are indicated by inclusion between the solid lines; conversely, regions excluded by the lines indicate sequences that lack superimposable homology with the Cercopithecus sequence. The boundaries between homologous and nonhomologous regions are numbered separately for the Papio 1 and human repeats. These boundaries may represent the sites of nonrandom unequal exchanges (see text). The occurrence of the short nucleotide sequence 3'K-#Pc' and its invert 3' CG*,s-5 has been denoted by underlining.
RESULTS
The DNA sequence obtained for BABr (BamHI)-l is given in Fig. 2 . The DNA sequence is in agreement with the known restriction map for this sequence (8) . The 343-base-pair fragment is comprised of two wings, denoted "Papio 1" and "Papio 2" in Fig. 2 . The sequence is presented in a format that begins at the HindIII restriction site of each wing to facilitate comparison with the DNA sequences frow other primates (Fig; 3) [in particular, the 172-base pair repeat of AGMr (HindIII)-1 from C. aethiops (6) (13) and Drosophila (14) DNAs] (for review, see ref.
2), the related primate highly repeated DNA sequences do not show a simple short nucleotide repeat pattern. However, the internal sequence is nonrandom, and shows evidence of a "theme and variation" pattern with the suggestion of various permutations on a common prototype sequence. Over 50% of the sequence is characterized by polypyrimidine:polypurine runs of four or more nucleotides; in particular, the sequences T-GAAA-5, and its invert 3'-AAAG-5' and 53AG-C-5 and its invert 3'-GGAA-5' are over-represented in these runs. Thus, the baboon sequence reported in Fig. 2 resembles mouse, guinea pig, and kangaroo rat satellite DNAs (15, 16) in having a complex internal pattern albeit with evidence of a basic core sequence. In this regard, similarities between the core sequence of primates given above and those reported for mouse (14) , Drosophila (17) , and human (18) satellite DNAs are of note.
Comparison of Primate Highly Repeated DNA Sequences. The highly repeated fraction of baboon DNA that shows a regular 343-base-pair periodicity after cleavage with BamHJ (8) is comprised of two wings of length 172 and 171 base pairs, respectively. These two nonidentical wings (19) are closely related to a 171-base-pair wing of a 342-base-pair repeated human DNA fragment (7) and to a 172-base-pair repeated sequence denoted AGMr (HindIII)-I isolated from the African green monkey (6) as shown in Fig. 3 . The similarities among the D)NA sequences in Fig. 3 support the concept that all these highly repeated primate DNA sequences were derived from a common ancestral sequence (8, 16, 20) . Among the primate repeated sequences in Fig. 3 Comparison of the known primate repeated DNA sequences in Fig. 3 demonstrates that the sequence divergence from the common ancestral sequence has been nonrandom in that there are regions of relatively high nucleotide sequence conservation interspersed with regions of extensive sequence divergence. In Fig. 3 , the boxed regions within the lined domains indicate relatively constant regions in which primate highly repeated DNA sequences share close homology with the known sequence for Cercopithecus (6) . These are interspersed with more "variable" regions in which Papio 1 or human diverge sharply from the Cercopithecus and Papto 2 sequences. The "variable" regions of Papio 1 and human cannot be superimposed readily in toto on other parts of the Cercopithecus sequence or on each other. However, the DNA sequence in these regions is nonrandom as evidenced by the maintained over-representation of the basic core oligonucleotide sequence (see above) in such regions.
The most plausible explanation for the evolution of the Papio 1 and human highly repeated DNAs from an ancestral sequence is again via unequal crossovers. The degree and discreteness of divergence and nonsuperimposability of divergent sequences in the "variable" regions disfavors models depending on replication slippage or unselected drift to explain the occurrence of this divergence. Assuming an independent mutational history of the four sequences in Fig. 3 , the high degree of sequence conservation between Papio 2 and Cercopithecus in the "variable" regions makes it untenable that the variable regions represent areas with an intrinsically high mutation rate. It follows that the pattern of divergence is consistent with a model in which the "variable" regions represent exchanges of stretches of DNA in an ancestral sequence with similar but nonidentical DNA sequences. The existence of such nonidentical but closely related DNA sequences adjacent to the original >170-base pair repeat would be an expected feature of the unequal crossover model (3, 4) . This proximity coupled with the availability of short-range nucleotide homology would facilitate exchange of related but nonidentical DNA fragments. Thus, as illustrated in Fig. 3 , the origin of Papso 1 from an ancestral sequence more closely representing the Cercopithecus sequence can be explained by eight crossover events within the >170-base pair repeat; in the case of the human sequence, six such internal crossover sites are indicated in Fig. 3 . Comparison of the DNA sequences in the variable regions of Papio 1 and human highly repeated DNAs shows that the crossovers have occurred nonrandomly; of the 51 bases in the human "variable" regions and 59 bases in the Papio 1 "variable" regions, 44 are apposed at the same point along the sequence. There are two possible interpretations of this nonrandomness: the postulated crossovers resulted from the same crossover events in an ancestral sequence common to human and Papio or independent crossover events that occurred were restricted in their potential location. Although the two smaller human "variable" regions (between human crossovers 3-4 and 5-6) could be related in part to the Papio crossovers 5-6 and 7-8, respectively, this is not the case for the largest crossovers (1-2 in each sequence), which were apparently independent events in human and Pap"o, respec- It is of note that the nucleotide sequence w-rMcc5, or its invert 3tATAGG-5' (underlined in the Cercopithecus sequence in Fig. 3) is in close proximity to every hypothetical crossover point except number 6 for Papio 1 and number 4 for human where 5'-AGGG-3' is present (which could have been AAGG in an ancestral sequence). Further, the tetranucleotide AAGG is at or near the recombinational joints of several rearrangements involving the Cercopithecus >170-base-pair repeat, which have been detected in defective variants of simian virus 40 (see figure  3 Fig.  3 were "unequal" in that nonhomologous segments of sister chromatids were involved but were "equal" in the lengths of DNA that were interchanged. An additional hypothesis would be that highly conserved regions may be important for binding of the particular nonhistone proteins (24) that are presumably responsible for the constitutively heterochromatic character of at least one of these highly repeated sequences (25) . Thus, although speculative at present, it may be possible to elucidate important structure-sequence relationships from the study of highly repeated DNAs. Exchanges and Sequence Organization. The findings in this paper support and extend the hypothesis that highly repeated DNAs arose from a series of unequal exchanges, possibly mediated by short repeated oligonudleotides during mitotic DNA replication (1, (3) (4) (5) . The potential ubiquity of these crossovers is underscored by the multiplicity of levels of sequence organization at which they have been postulated to occur. In the case of the primate DNAs reported in this paper, the initial crossovers presumably involved the core oligonucleotide sequences 5'-CTTT-3', 5'-CCTT-3', and their inverts, which are over-represented in these DNAs (Fig. 3) . These crossovers are hypothesized to have been critical in the formation of the >170-base-pair basic repeats, which characterize various primate highly repeated DNAs (8) and which correspond with the size of a nucleosome in the case of C. aethiops highly repeated DNA (5). Maio et al. (5) have noted that unequal exchanges of nucleosome (or multiples of nucleosomes)-sized DNA fragments associated with DNA replication might explain the pattern of long-range periodicities seen in a number of highly repeated DNAs. The finding that baboon highly repeated DNA evolved from the amplification of a >340-basepair repeat comprised by two related but nonidentical >170-base-pair wings suggests that unequal exchanges occurred within >170-base-pair basic repeats as well as between them (Fig. 3) . These postulated internal crossovers exhibit several features consonant with previously postulated exchanges: nonrandomness, conservation of the basic >170-base-pair repeat length, and possible association with specific oligonucleotide sequences at crossover points. Finally, as noted in a previous review (1) , cytologically detectable variations of highly repeated DNAs may also be explained by a model involving unequal mitotic crossovers.
In summary, unequal exchanges mediated by repeated oligonucleotide sequences and associated with mitotic DNA replication may underly the evolution and amplification of highly repeated DNAs at multiple levels of sequence organi-zation. The nature and extent of these varied exchanges may be modified by constraints dependent upon nucleosomal and chromosomal structure.
After this work was completed, we learned that a nearly identical repeating sequence has been characterized in bonnet monkey, a primate closely related to baboon (26) .
